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real in the USA 
by Jo Ann McDonald, US Correspondent 
CVD and amorphous diamonds arrived on the American semiconductor scene in the late 1980s, 
generating the promise and excitement all "new" materials infuse into the industry. Then the 
hard work began, separating the feasible near term from the future predictions. Remembering 
the traditional 30 year development cycle for new materials, diamonds for semiconductor 
industry applications are only in their tenth year, making it considerably more immature 
than SiC and closer to fullerenes. 
A fter a few false starts and 
fanciful pursuits for this 
fledgling technology, dia- 
monds now seem to be focused on 
four pr imary appl icat ion niches. 
These four application areas include: 
• Tool coatings - especially cutting 
tool engineering 
• Tribological - for wear-resistant 
materials uch as coatings on hard 
disk drives and fiat panel displays, 
etc. 
• Thermal management - which can 
be a film or a whole chunk of 
material used primarily in semicon- 
ductor packaging and heat sinks, 
and 
• Active electronics - which even- 
tually could lead to mainstream 
diamond-based electronic and op- 
toelectronic devices and systems. 
As in Europe and the Far East, The 
consensus in America is that the field 
is still 20 years away from making a 
transistor that could be. used in a 
power conversion device, for example. 
Although there is considerable re- 
search going on in proof-of-concept 
active electronic devices, diamond 
developers are holding details very 
closely. Some important contract an- 
nouncements are expected this fall, 
and two important technical meet- 
ings, in Gaithersburg, Maryland, 
USA, and Barcelona, Spain, should 
shed considerably more light on pro- 
gress. In general, however, active 
diamond electronics till appears to 
be quite a long way off. 
Polvcrystalline diamond suhstrates Jbr electronic thermal management. 
Fundamental research has shown 
that diamond electronics has vastly 
superior performance advantages. 
The underlying question is whether 
or not such diamond products are 
really needed. Diamond will play its 
most important role where no other 
material can provide what diamond 
can. Diamond laser diode heat sprea- 
ders are a good example. Diamond 
has unique properties that make it the 
best material for laser diode heat 
spreaders and, like the tool coating 
customers, people who opted to move 
to diamonds for these applications are 
becoming loyal customers. 
The price of diamond for thermal 
management is another big issue. At 
this stage, the price of diamond is 
touted as being $10 to $20 "per carat" 
which represents a tremendous reduc- 
tion from a few years ago. Of course it 
often takes a lot of"carats" to feed an 
application, so there's till a long way 
to go. Getting the price down attracts 
new customers. Manufacturers and 
users would like it to come down even 
further. As processes become per- 
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fected and the customer base grows, 
progressively the prices will drop. 
Diamonds are as hard as one may 
think. One doesn't grow the standard 
boule, slice it into wafers, and cut out 
and package individual die. Diamond 
is so hard that it requires lasers to cut 
it, and diamond powder to polish it. 
Consequently, the field primarily re- 
volves around CVD diamond deposi- 
tion techniques. 
Amorphous diamond, also referred 
to as diamond-like carbon (DLC), is 
receiving some interest for flat panel 
displays, but it's anyone's guess if and 
when that might pay off. Most of the 
action appears to be in the area of 
CVD. 
In general, companies make their 
own CVD systems and closely protect 
their proprietary processes. As one 
leading USA company put it, "we 
don't rely on patents, we trust those 
we choose to work with and choose 
not to have lawyers drive the com- 
pany. Besides, anything patented to- 
day is likely to be outdated tomorrow. 
Like all the other players, we do, 
however, keep our process quite 
private." 
The exception to that is S.l. Dia- 
mond (Houston, Texas, USA) which 
has a uniquely simple amorphous 
process, has filed its share of patents, 
yet is confident enough to be most 
generous with information about its 
process. We will outline SIDT's recent 
activities in more detail below. 
The only commercial diamond 
CVD reactor manufacturer, Applied 
Science and Technology, Inc. (ASTex, 
Woburn, Massachusetts, USA), is 
quite open about its systems. Dick 
Post, founder and CEO of ASTex, 
provides an interesting comparison of 
his CVD machines, used for diamond 
deposition, with standard MOCVD 
machines, used for growing films of 
compound materials such as GaAs, 
lnP, SiC/III-V nitrides, etc. 
According to Dick Post, the overall 
state of the materials science at this 
stage is that small single crystals, or 
"quasi crystals" can be made that are 
regarded as very good, highly or- 
iented films. 
"There are I1 o ~r many groups 
around the world that can do that," 
he says. "Essentially, they grow a 
number of crystals off the surface, 
all with the same basic orientation. So 
there is reproducibility, but they get a 
l()0 crystal growing up at one spot, 
and at another, and they will coalesce. 
When one looks at this film, they see  
grain boundaries which are between 
two pieces of crystal that have not 
been able to form a single crystal, but 
they all have the same crystallo- 
graphic orientation. Consequently, 
there will be a slight angular mis- 
match between the various crystal 
islands as they grow up and coalesce. 
Out of that, they get films that have 
good electron mobility, much better 
than a standard polycrystalline film, 
and suitable electrical properties for 
making high power transistors and 
other electronic devices where one 
wants good electron mobility." 
Sl Diamoml's di.~play techmdo,~y. 
Leading USA 
commercial players 
The best way to sort through the 
various diamond developers i to first 
divide them between amorphous dia- 
mond and CVD diamond. S.I. Dia- 
mond (SIDT, Houston, Texas, USA) 
is clearly in the amorphous camp. 
Advanced Technology Materials Inc. 
(ATM I, Danbury, Connecticut, USA) 
does both amorphous and CVD. 
Although their approaches differ con- 
siderably, both of those companies 
are developing diamond coatings for 
next generation fiat panel display 
(FPD) technologies. While we know 
much about what SIDT is doing, we'll 
likely hear much more about ATMI's 
role in Silicon Video's bid for next 
generation FPD dominance later this 
fall. 
Diamonex (Allentown, Pennsylva- 
nia, USA) does both CVD and 
amorphous, whereas General Electric 
does just CVD. 
DeBeers is the leading commercial 
supplier in Europe. Sumitomo Elec- 
tric and Kobe Steel were pioneers and 
SEI was the first to successfully 
commercialize CVD diamond. In this 
article, we will concentrate primarily 
on the American companies. 
Early leaders 
find new focUs 
Crystallume (Menlo Park, California, 
'USA) and The Norton Company 
(Northboro, MA, USA) were the 
original commercial CVD players in 
America. Both tried their hand at a 
variety of application directions. 
Since that time, both have reassessed 
their initial positioning and are con- 
centrating on near term commercial 
revenue. Crystallume is now focused 
on tool coating applications and has 
three ASTex 30 kW CVD reactors 
installed. ASTex has worked closely 
with Crystallume from the beginning 
to perfect their reactors. The U.S. 
Department of Defense's Advanced 
Research Projects Agency (ARPA) is 
assisting ASTex in developing 75 and 
100 kW reactors. 
Like Crystallume, The Norton 
Company initially targeted a variety 
of applications. Tool coatings pro- 
vided the necessary bread and butter 
revenue. They are also doing laser 
diode components, but are consider- 
ing dropping those. The market is 
small and there are enough players 
already entrenched with little poten- 
tial for solid growth in that business. 
Norton also tbcused heavily on multi- 
chip modules (MCMs) as a likely 
early stage application, but MCM- 
D, where diamond would be most 
applicable, hasn't yet taken off. 
According to Arjun Partha who 
deals only in the electronics area at 
Norton,  the company is finding 
nearer term applications in single chip 
packaging. "The MCM business im- 
ply hasn't come far enough, and we 
haven't been able to drop the price of 
diamond, to the point where it could 
be widely utilized." 
Doesn't $10/carat sound attractive 
to MCM developers? "Yes, but keep 
in mind that an MCM four inch thick 
disk requires ',t couple of hundred 
carats. At $10/carat you'd be looking 
at a $2,000 ticket. 
"The trick in this business is to price 
at the smallest unit of weight so it 
looks attractive:," he cautions. 
Norton has recently introduced a 
packaging concept hat modifies tan- 
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dard plastic packages by inserting a 
piece of diamond that acts as a die 
pad frame. "In real production situa- 
tions, we knock that copper out and 
replace it with a piece of diamond. 
The die sits on it and the rest of the 
assembly process is the same. It is 
essentially a seamless change. This is a 
niche application that we think will 
finally put us in the commercial ball 
game. This will eventually evolve into 
an MCM business down the road a 
few years. 
"In the meantime, there were 50 
billion ICs manufactured or shipped 
last year and we think there's plenty 
of this mainstream thermally en- 
hanced packaging business to keep 
us busy for awhile. 
"The trouble is, people look at 
diamond in electronics as a raw 
material and they want to pay prices 
they're used to paying for raw materi- 
al. We've come a long way and have a 
way to go, but we've found something 
that puts us in a pretty competitive 
price range. 
"We can price it aggressively and 
achieve the cost where we'll be profit- 
able," says Arjun. The package deb- 
uted at SEMICON/West  in San 
Francisco in July and interest was 
high. 
Diamonex doing 
especially well 
Diamonex, a startup company in the 
early diamond days, appears to be 
finding some success in various sec- 
tors. Diamonex is currently making 
CVD diamond submounts for RF 
and microwave packages, and is in 
production of up to four inch dia- 
meter substrates for MCM thermal 
management applications. Diamonex, 
which is now a wholly-owned sub- 
sidiary of Monsanto and headed 
toward division status, regards their 
laser diode work a standby high 
SI Diamond has A TP,/or ~O-in VGA display prototype based on diamond field emission. 
volume repeat business [see sidebar 
on diamond-based laser diodes]. 
A hot new area for Diamonex is 
thin diamond films on silicon wafers, 
which they are calling Silicon-On- 
Diamond (SOD), which is similar to 
silicon-on-insulator (SOl). The major 
application for SOD wafers is bonded 
silicon wafers, which results in a 
buried high-performance CVD dia- 
mond layer under single crystal sili- 
con, see Table. 
Diamonex uses various processes, 
including one for amorphous dia- 
mond coated products and a hot 
filament CVD process for polycrystal- 
line diamond. The process for the 
latter involves a mixture of hydro- 
carbon and hydrogen gases activated 
in a vacuum chamber by an electri- 
Diamonex's large area diamond reactors produce high-quali O, CVD diamond thin film deposited on 
Si wafi, rs up to 10" in diameter. Currently, the manu[bcturing of Diamonex S-O-D Wq/ers and 
material spec~/ications are optimized and customized jor each application. One major 
application is bonded silicon waJers, which results in a buried high-perJormance 
CVD diamond layer under single crystal silicon. 
Resistance 
Dielectric Constant 
Dielectric Loss 
Dielectric Strength 
Thermal Conductivity 
> 1011 ohm @ 10V 
5,7 
<.0001 @ 15 GHz (measured for thick film) 
100-300V/~m (measured on 20 + i~m thick sample) 
500-1000 W/mK 
cally heated filament. The substrates 
to be coated are placed close to the 
filament and heated to 750-900°C. 
The activated gases diffuse to the 
substrate, react and condense as a 
high quality polycrystalline diamond 
film. The substrate can be removed to 
produce free-standing diamond. 
Little Sl Diamond keeps 
on growing 
S.I. D iamond (S IDT,  Houston ,  
Texas, USA) is probably the most 
enthusiastic, energetic company in 
amorphous diamonds. It continues 
to swim upstream against all the odds 
and keep on growing. 
Its rugged individualism and good 
science might be credited to the fact 
that it is a spinout of Rice University 
(Houston, Texas, USA). SIDT's core 
process technology came from Carl 
Collins at The University of Texas at 
Dal las.  S IDT  founder,  Howard  
Schmidt, found it appealing because 
amorphous diamond can be applied 
at room temperature. The process 
hasn't yet proved to be scalable (and 
critics of SIDT still think that's a 
significant barrier to their success), 
but SIDT licensed the process because 
it has good adhesion on a wide variety 
of materials. 
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Diamomt heat spreaders" provide enhanced thermal control ( Norton Diamond). 
The company started out working 
with the Microelectronics and Com- 
puter  Techno logy  Corporat ion  
(MCC, Austin, Texas, USA) on what 
they felt was a more affordable 
approach to field emission fiat panel 
displays (referred to as DFEDs for 
d iamond field emission displays). 
Work was done at MCC's packaging 
prototype facility, which SIDT re- 
cently purchased for its own, and 
commercial, packaging work. In June, 
1994, SIDT demonstrated itsone-inch 
diamond-based isplay and, since 
then, has been focusing on develop- 
ment of larger monochrome proto- 
types  and  
co lour  FED 
technology. 
Recently, the 
American Dia- 
mond Display 
Venture  
(ADDVent ) ,  
led by SIDT, 
launched a 
$7.2 mil l ion. 
two year devel- 
opment  pro-  
ject ,  j o in t ly  
supported by 
industry and 
the Advanced Technology Program 
tATP) of the U.S. Department of 
Commerce, to build a 10-inch VGA 
display prototype based on the 
DFED technology. SIDT has had a 
string of achievements over the last 
year that continues to fortify the 
foundation for their approach. For 
example, in mid-July, S IDT an- 
nounced the signing of a technology 
cooperation agreement with Philips 
Exhaust Gases 
(CHa, H2, C2H 2, etc.) 
Components V.V. (Eindhoven. The 
Netherlands), where Philips will pro- 
vide $10 million of development sup- 
port over the next two years to 
accelerate commerc ia l i za t ion  of 
SIDT's innovative DFED. 
Under the terms of the agreement, 
Philips and SIDT have each com- 
mitted at least $5 million per year for 
two years to the joint effort. The 
commitment can include in-kind con- 
tribution or cash. At the point in 
development that mass manufactur- 
ing of DFEDs is anticipated, non- 
exclusive licenses can be granted to 
enable the manufacture of DFEDs. 
The agreement 
inc ludes  a 
broad  based,  
ongo ing  pro-  
gram of techni- 
cal co l labora-  
tion. Any joint 
inventions re- 
su l t ing  f rom 
~r the col labora-  
tion can be used 
by either com- 
,,,~ ........ ~,~ pany. 
S IDT 's  
DFED technol- 
ogy represents a 
unique form of field emission (flat 
panel) display. They combine the 
visual display advantages of conven- 
tional cathode ray tubes with the 
depth, weight, and lower power con- 
sumption advantages of other types of 
FPDs. The approach was best de- 
scribed by S1DT's Mark Hammond 
who, by his own admission, is char- 
tered in the short term to be the first 
to actually make the young company 
Laser diode submount 
business continues to 
grow 
In case you need to get up to speed 
on laser diodes. Dick Post, CEO and 
founder of ASTex, which manufac- 
turers CVD reactors for the diamond 
community, provides a primer: 
"The laser diode is an interesting 
device because it has such very high 
power density within the device itself 
where the laser beam runs right down 
through the device, You put that as 
close as you can (given the thermal 
mismatch issue) to a layer of dia- 
mond. and spread the heat. It simply 
acts as a heat spreader. That lowers 
the temperature of the diode itself 
and, the lower the temperature, the 
longer the life. There's less diffusion 
within the material itself and you get 
a longer life expectancy or otherwise 
run at higher power. 
"They dope the optical fiber, and 
the signal is going down the optical 
fiber being transmitted, and they 
pump the optical fiber with these 
laser diodes. The laser diodes then 
are used to make what is basically a 
laser type amplifier, taking atoms 
that are doped in the Si fiber and 
raising their level so that they can 
amplify just like a solid state laser 
would amplify. This is merely an 
amplifying medium. If  you looked at 
an old ruby laser, for example, that 
was a flash lamp pump ruby rod that 
was doped. This is a very similar type 
of thing: a fiber that is like the.ruby 
rod. and you put a dopant in it. 
Instead of pumping it with a flash- 
lamp, you pump it with something 
much more efficient for pumping, 
and that's a monochromatic laser 
light coming out of a photodiode. 
"So these are pumping, or activat- 
ing the dopants in the fiber, which 
then. in turn, is amplifying the 
modulated light signal that's being 
sent down the fiber. It won't lase 
because it doesn't have a high en- 
ough gain. It acts only as an amplify- 
ing medium. In order to get it to do 
anything, you have to put light in one 
side and then it gets amplified and 
comes out the other side which is just 
the doped region of the fiber. So 
these are used as amplifiers. The big 
issue is getting more power out and 
keeping the temperature low and 
getting tong-term reliability," hence 
diamond. 
some money. But Mark has his eye on 
the future as well. "We're trying to 
make the leap over conventional pur- 
suits and get diamond less polycrys- 
talline, i.e., bigger and bigger crystals 
to go completely single crystal over a 
silicon wafer, or SiC wafer, or what- 
ever starting material is desired. That 
research continues, but there are 
really no breakthroughs." 
Very much in American terms, 
Mark describes SIDT's unique tech- 
nique for bringing in that near term 
revenue: 
"Our hard coating applications are 
via a laser ablation technique. You 
shoot a pulsed high energy laser at 
graphite and it evaporates the carbon 
as the carbon hits the substrate in line 
of sight. It turns out to be a fairly 
expensive process because of the 
limited coating area. Still, we're tar- 
geting small, high value added items 
to coat. We're developing another 
technique which is much more scal- 
able. 
"We're getting excellent adhesions 
on carbides and steels. Compared to 
what the CVD people are doing, this 
room temperature stuff is simple!" 
Future focus 
As manufacturers in America and 
elsewhere work hard to drive prices 
down and perfect heir processes, the 
focus continues to be on near term 
applications that will generate the 
necessary revenue to keep the other 
R&D going. All they need is more 
customers. For only being 10 years 
old, in a field where companies are 
often struggling to stay afloat after 30 
years of  deve lopment ,  I 'd say 
diamonds are progressing extraordi- 
narily well. 
nercial pro- 
MANTECH is 10 years old and including: 
remains a successful forum for the 
open discussion of the manufactur- • DESIGN: Novel Devices for lm- 
ing science and technology of GaAs- proved Manufacturability, MCA 
based-device through a small, inten- Design Methodology, Power Am- 
sive and friendly workshop for US plifiers, Power Device Thermal 
GaAs manufacturing professionals. Management. 
The result is that MANTECH has • PROCESSI1NG: Yield Enhance- 
been a very positive contributor to ment Solutions, Multilevel Inter- 
this dynamic, technically challenging connect, HBT Passivation 
industry. Attendees often name • MANUFACTURING:  C IM.  
SIDT's approach vs. avai lab le  ~ 
The wO] 
ATMI 's  since 1985 
SIDT uses emitter material, which is 
synonymous with amorphous dia- 
mond. The amorphous diamond has 
interesting emission properties, but 
producing it may be expensive if the 
deposition cannot be successfully 
scaled up. SIDT has shown displays 
which use a "diode" structure. The 
Silicon Video Display consortium 
(SVD, of which ATMI  is a member, GaAs ma 
working on the cathode research and Board of 
development) is using a "triode" 
structure.  The d iode s t ructure  
switches on/off at the faceplate. In 
the triode structure, the faceplate is 
kept at constant voltage and a gate 
electrode is used to turn the electron For 1991 
beam on and off. to preserw 
Consequently, to turn a pixel on made it s, 
and off, a larger voltage must be including 
switched in the SIDT diode structure useful pre 
than in the SVD triode structure. The bits, focus~ 
switching of large voltages requires the Inter~ 
expensive lectronics. Furthermore, in dialogue 
the SIDT design, low voltage phos- 
phors are used. Higher voltage phos- 
phors could be used, but switching 
still larger voltages on and off would 
probably be prohibitively expensive. 
gone from a Cold War focus on Novel Test Structures -' 
military applications to a major , APPLICATIONS: MMIC Corn- 
worldwide commercialization of a merciatization. Future Govern- 
range of products for communica- 
tion, entertainment, transportation 
and other sectors of the world Chip Sets, Broadband Appliea- 
economy, For the MANTECH Con- tions 
ference to continue to fulfil its • MANUFACTURING EQUIP -  
primary goal of supporting the MENT/TECHNOLOGIES]FA-  
nufacturing industry, the CILITIES:  In addition to the 
" ° Directors overwhelmingly traditional MANTECH topics, 
recommended changing the nature the program commit tee  en- 
of the cor . . . . .  
conferenc~ 
ferenee beginning witla tlae 1996 facilities asapplied to GaAs. 
meeting in San Diego. 
attendees. 
This year ~th  the GaAs industry 
rushing headlong into full volume 
TECH conference is available on the 
Worm Wide Web at http://www.ee.- 
wustl.edu/GaAsj and mail may be 
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